ABSTRACT This study aims to infer the proportion of queens and workers of the hornet Vespa analis parasitized by the strepsipterous parasite Xenos moutoni in overwintered females from morphological data collected for three years. It is known that both worker and queen hornets parasitized by strepsipterous insects overwinter. The parasitized queens cannot reproduce in the next season and thus the level of parasitism potentially affects the number of colonies to be established in the population. Thus, estimation of the ratio of parasitized queens to the total of parasitized females would be useful for understanding the population dynamics of the hornet. K-means cluster analysis demonstrated that 50 to 85% of individuals were workers in the total of parasitized females during the period. From 8 to 15% of total queens were thought to be sterilized by X. moutoni, a level that would not be expected to have a serious effect on the population dynamics of V. analis. Forced hibernation of workers might be considered to be a result of manipulation of the diapause system of the host by the parasite to increase its reproductive success.
tion, forced hibernation
Vespa analis IS ONE OF seven Vespa (hornet) species occurring in Japan. Although relatively small in colony size and not very aggressive compared with congeners that make more populous colonies, the species is potentially important as a nuisance pest because it is one of the commonest vespines in some urban areas (Matsuura 1992) . Information on the general biology of V. analis has already been known (e.g., Makino 1977, Matsuura and Yamane 1984) , but many bionomic aspects remain to be investigated, including biotic agents that potentially affect the population density of the hornet.
Xenos moutoni is a strepsipterous parasite that has been recorded from six Vespa species in Japan (Kifune 1992) . Because high levels of parasitism among workers can hinder development of the nest (Matsuura 1973) , the parasite is potentially an important agent affecting reproductive activity of the colony. Although parasitized new queens overwinter as normal ones do, they do not reproduce normally (Matsuura and Yamane 1984) , thus being excluded from the colonyÕs reproductive output. Hence estimating proportions of parasitized insects among the overwintered females is useful for assessing the effect of the parasite on the population dynamics of the host.
Interestingly, parasitized overwintered females of V. analis are composed not only of queens but of workers, for parasitized workers, unlike other workers, often overwinter Yamane 1984, Makino and Yamashita, 1998) ; however, worker and queen ratios among overwintered females have been hardly investigated. Therefore, it is necessary to distinguish parasitized queens from workers to determine the level of parasitism among overwintered queens.
Because morphological caste differentiation is relatively weak in V. analis (Vecht 1957 , Matsuura 1995 , the distinction is often difÞcult for individual wasps. Furthermore, the status of insemination or of ovarian development cannot be used to distinguish the castes, because parasitized Vespa queens do not mate (Matsuura and Yamane 1984) or show ovarian development after hibernation (Makino unpublished data) . Practically, almost all overwintered parasitized females are not inseminated nor have developed ovaries (S.M. unpublished data).
Here, we use multivariate analysis of size distributions to estimate the proportions of parasitized queens and workers among the overwintered females. The current study is the Þrst to report the estimates of worker ratio based on a large number of specimens collected for more than 1 year.
Materials and Methods
Specimens and Measurements. We collected overwintered females of V. analis from May to July in a few plots (36ЊN, 140ЊE) in Ibaraki Prefecture, central Japan from 1998 to 2000. The annual number of collected insects varied from 123Ð265. Collections were made with bait traps of the same type as used by Makino and Yamashita (1998) , and the specimens collected were also used in the study by Makino (2001) . Bait was composed of clear liquor distilled out of sweet potatoes (25% alcohol) and an equal amount of orange juice. Beverage bottles of clear plastic (1500 or 2000 ml in capacity) with a small square hole (3 ϫ 3 cm) were used as bait containers. Ten bait traps were set in a small coppice mainly composed of deciduous oaks, Quercus serrata and Q. acutissima, and another ten in a part of a nursery where hundreds of small willows were planted. The two plots were one km apart. The traps, strung from trees between 1.0 and 1.5 m above the ground, were set at intervals of Ϸ10 m. Additional traps (12 in 1998 and 16 in 1999 and 2000) were set in an outdoor apiary of the National Institute of Animal Industry, 1.5 km distant from the nursery. These traps used a mixture of apple juice, liquor (Japanese sake made from rice; Ϸ15% alcohol) and vinegar as bait instead of clear liquor and orange juice, and were also hung from trees surrounding the apiary at intervals Ͻ10 m. In general, trapped hornets were collected everyday, though sometimes at longer intervals up to 7 d. Bait was renewed at intervals of one or two weeks. Collected wasps were preserved in 70% ethanol and later examined for parasitism, and measured for two morphological characters: head width (HW) and width of Þrst gastral tergite (WGT). Specimens were measured with an ocular micrometer on a stereoscopic microscope. Xenos moutoni on the overwintered females were always female. For each of the 3 years, almost all parasitized females were measured in addition to 59 to 119 selected parasite-free females, which were randomly selected from collected insects so as not to alter the ratio of parasitized females to nonparasitized females collected in the wild. We regarded these parasite-free overwintered females as queens because they were all conÞrmed for insemination by examining the spermatheca. These two groups of wasps were hereafter called "parasitized females" and "queens," respectively. Voucher specimens are deposited in an insect specimen depository of Forestry and Forest Products Research Institute, Ibaraki, Japan.
Statistical Analysis. The coefÞcient of variation (CV) was computed for the measurements of each character to compare variability among body parts with different means. We conducted KolmogorovSmirnov tests (Sokal and Rohlf 1995) to examine whether the frequency distribution of each character deviated signiÞcantly from normality. Because Ͼ50% of 12 characters deviated signiÞcantly from normality over the 3 years (see Table 1 ), the signiÞcance of all statistical tests described below was assessed by 10,000 randomizations of the original data (Manly 1997) . We also performed LeveneÕs test (Sokal and Rohlf 1995) to examine whether the variance of parasitized females was homologous to that of queens (inseminated females). One-way analysis of variance (ANOVA) was conducted to test whether means of the characters of queens differed signiÞcantly from these of parasitized females among the 3 years. We used the same method to test whether means of the characters of queens and parasitized females varied signiÞcantly among the years.
To examine whether means of character sets varied signiÞcantly between parasitized females and queens, we Þrst conducted a multivariate analysis of variance (MANOVA. As measurements of the degree of difference between the two groups, we calculated HotellingÕs T 2 and Wilks lambda: the former statistic is a multivariate generalization of StudentÕs t-test (Hotelling 1931) and the latter provides a measure of their degree of separation and is used as one of the criteria in MANOVA. To estimate how many specimens of parasitized females were queens, we conducted Kmeans cluster analysis of the two morphological characters (e.g., Weilgart and Whitehead 1997 
Results
Parasitized wasps accounted for 28.6% (1998), 40.4% (1999), and 25.2% (2000) of the collected females. In each of the three years, characters of queens were larger than those of parasitized females (see Fig.  1 and one-way ANOVA; F ϭ 60.62, P Ͻ Ͻ 0.001 for HW in 1998; F ϭ 20.75, P Ͻ Ͻ 0.001 for WGT in 1998; F ϭ 97.66, P Ͻ Ͻ 0.001 for HW in 1999; F ϭ 58.35, P Ͻ Ͻ 0.001 for WGT in 1999; F ϭ 216.65, P Ͻ Ͻ 0.001 for HW in 2000; F ϭ 91.39, P Ͻ Ͻ 0.001 for WGT in 2000). Although there was a signiÞcant difference in the means of each character for queens among the three years (one-way ANOVA; F ϭ 9.68, P Ͻ 0.001 for HW; F ϭ 14.89, P Ͻ 0.001 for WGT), no signiÞcant difference was observed in that of parasitized females (One-way ANOVA; F ϭ 0.22, P ϭ 0.81 for HW; F ϭ 2.75, P ϭ 0.07 for WGT). CVs of queens were much smaller than those of parasitized females (Table 1) . Of the total number of characters, seven characters differed signiÞcantly from the normal distribution (Table 1) . There was a signiÞcant difference in the degree of variability between females of different status in 1998 and 2000, whereas no signiÞcant difference was detected in 1999 (Table 1) .
There was a signiÞcant difference between parasitized females and queens in each of the three years when the two characters were analyzed together (MANOVA; T 2 ϭ 80.53, WilksÕ Lambda ϭ 0.52, F ϭ 39.81, P Ͻ Ͻ 0.001 for 1998; T 2 ϭ 98.99, WilksÕ Lambda ϭ 0.50, F ϭ 48.99, P Ͻ Ͻ 0.001 for 1999; T 2 ϭ 220.17, WilksÕ Lambda ϭ 0.42, F ϭ 109.38, P Ͻ Ͻ 0.001 for 2000). Based on the K-means cluster analysis, estimated proportion of parasitized workers to the total parasitized females was 50 Ð 85% (Table 2) . Conversely, our estimation shows that parasitized queens accounted for 15% to 50% of the overwintered females. 
Discussion
Although the ranges of variance around the means of the two groups did not come close to overlapping, K-means cluster analysis demonstrated that 15 to 50% parasitized females overlapped with nonparasitized queens. This incongruity is thought to be a result of the conspicuously skewed distribution of Ͼ50% of characters because K-means cluster analysis is more sensitive to the difference of variance.
This study strongly suggests that over a half of overwintered females of V. analis that were parasitized were not queens but workers. There is no certain information on the degree of morphological modiÞ-cation induced by X. moutoni in hornets, which would inßuence the calculation of the ratio of parasitized queens and workers. However, such an inßuence seems to be very small, if any, in stylopized hornets. For example, in V. mandarinia in which queens are easily distinguished from workers, the head width of overwintered stylopized queens was not signiÞcantly different from that in nonstylopized ones (S. M., unpublished). Likewise, although parasitism by the strepsiptera causes various morphological changes in hymenopteran hosts (e.g., Kathirithamby 1989), we know no cases in which general body sizes of the adult host of social wasps are decreased by the parasitism, whereas strepsipteran body sizes are clearly affected by the host body size (Maeta et al. 1998, Makino and Yamashita 1998) . Additionally, it has been shown that total morphological size and shape are not considerably affected by parasitism in other insect species (Tatsuta 1999) .
Therefore, it seems reasonable to assume that the parasitized females of V. analis, which were smaller the nonparasitized ones are workers, not queens dwarfed by parasitism. Matsuura (1969) reported that workers of V. mandarinia parasitized with X. moutoni visited sap-secreting trees in the spring together with normal queens, an observation that clearly supports the view that stylopized workers can overwinter as queens do. Makino and Yamashita (1998) also found obvious parasitized workers among overwintered females in V. mandarinia.
If there is little difference, if any, in the body size between parasitized and nonparasitized queens in V. analis as in V. mandarinia mentioned above, estimated percentage of parasitized insects among all females collected was from 25% to 41%. Thus, the estimated loss of queens because of parasitism, which was determined by {[estimated number of parasitized queens]/[(number of normal queens) ϩ (estimated number of parasitized queens)]} ϫ100, was 8% to 15% in the three years if the survival rate in hibernation can be regarded as a constant and if the ratio of parasitized to nonparasitized females collected in this study represents that in the natural population. This suggests that the effect of X. moutoni on population dynamics of the host by reducing the number of functional queens is fairly small in V. analis. However, the parasite, if it occurs in early workers, may have an adverse effect on the colony, because some instances have been reported in which the colony development of V. crabro and V. mandarinia is seriously retarded when many early workers are parasitized (Matsuura and Yamane 1990) .
Stylopized wasps in the overwintered females, queens or workers, always harbored adult female parasites. Forced hibernation of workers by female parasites might be viewed as a manipulation of the diapause system of the host by the parasite to increase its reproductive success. First instar larvae that are produced ovoviviparously by a female parasite have a declining chance of growing into adults as the nesting season approaches the end. This is because the number of larval hosts, which parasite larvae invade, is decreasing in the population toward the end of the nesting season. Thus, mated female X. moutoni might increase its Þtness by making the host go into hibernation and delaying the production of Þrst instars until the next year rather than producing Þrst instar larvae immediately. 
